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The zinc finger transcription factors Spalt and Spalt-related have been implicated in multiple developmental processes. In
the wing they are regulated by the secreted protein Decapentaplegic and participate in the positioning of the wing veins. The
function of Spalt has been also analyzed during tracheal development and embryonic segmentation. Here, we present the
isolation and characterization of novel spalt/spalt-related alleles, which analysis indicates that these genes cannot
substitute for each other in the developmental processes studied. The mutants present embryonic or pupal lethality, with
phenotypes consistent with the loss of spalt function. We also present a detailed functional analysis of the DNA regions
implicated in the regulation of these genes. This regulation is complex, integrating the information from both negative and
positive regulators, and it is modular, with discrete fragments of DNA directing expression to discrete regions in embryonic
and larval tissues. © 1999 Academic PressKey Words: spalt; gene regulation; enhancer analysis.
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iINTRODUCTION
The homeotic gene spalt (sal) and its paralogue spalt-related
salr) encode putative transcription factors characterized by
he presence of spaced sets of double zinc finger motifs
Ku¨hnlein et al., 1994; Barrio et al., 1996). These genes have
een shown to be involved in a number of developmental
rocesses, including wing and trachea development. The
enomic organization and sequence similarity between sal
nd salr suggest that the genes originated from an ancient gene
uplication and later rearrangement of the region (Reuter et
l., 1996). In addition to sequence conservation, these genes
how very similar expression patterns which indicate con-
erved aspects of regulation. The expression of both genes is
ery prominent in the embryonic and larval central nervous
ystem (CNS), where sal and salr are expressed in distinct but
verlapping populations of neurons (Barrio et al., 1996; unpub-
ished results). However, the two genes are expressed in
1 Present address: Institute of Molecular Biology and Biotechnol-
ogy, P.O. Box 1527, 71110 Heraklion, Crete, Greece.
2 To whom correspondence should be addressed at the European
olecular Biology Laboratory, Meyerhofstrasse 1, D-69117 Heidel-cerg, Germany. Fax: XX-49-6221-387 211. E-mail: Lonstrup@
MBL-Heidelberg.DE.
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.istinct patterns during embryogenesis, suggesting functional
ifferences in their regulatory regions. For instance, sal is
xpressed in a broad domain at the cellular blastoderm stage
nd is prominent in the posterior spiracles (Ku¨hnlein et al.,
994), while salr is not expressed in early embryos and is only
resent in a limited set of cells in the posterior spiracles (Barrio
t al., 1996). It has been shown that a tight regulation of sal
attern of expression is necessary to ensure the correct devel-
pment of the early embryo and the tracheae. Thus, the
estricted expression of sal during cellular blastoderm is
ritical to establish correct segment identity (Jurgens, 1988). In
his case, sal is under the control of maternal and gap gene
roducts which are able to bind to sal cis-acting sequences in
itro and activate (Tailless, Bicoid, Hunchback, and Caudal) or
epress (Huckebein, Kru¨ppel, and Dorsal) sal transcription
Ku¨hnlein et al., 1997). In the case of the tracheae, sal
xpression is necessary for the normal anteroposterior cell
igration and morphogenesis, and it is maintained by the
GF receptor pathway (Ku¨hnlein and Schuh, 1996). However,
he repression of sal is important in the dorsal tracheae for the
econdary and terminal branch formation and this repression
s achieved by the binding of the orphan receptor Knirps to a
is-regulatory region upstream of sal (Chen et al., 1998).
The patterns of expression of sal and salr in the wing
33
e
r
w
(
a
f
a
i
P
C
34 Barrio et al.imaginal discs are indistinguishable from each other (de
Celis et al., 1996). Regulatory regions driving the expression
of these genes in the wing disc have been identified and
they indicate that the regulation is distinct in the pouch,
thorax, notum, hinge, or pleura and that a different combi-
nation of factors is responsible for the activation and
repression of sal/salr in these populations of cells (Ku¨hnlein
t al., 1997; de Celis et al., 1999). It has been shown that the
egulation of these genes is conserved in the wing pouch
here they respond to the activation by Decapentaplegic
Dpp; de Celis et al., 1996) via Mothers against Dpp (Mad),
n intracellular signal transducer (Lecuit et al., 1996). The
unctions of the genes have been also conserved. Alter-
tions in the expression of both sal and salr have important
consequences for the positioning and formation of longitu-
dinal veins L2 and L5. The genomic region responsible for
sal expression in the pouch has been localized 59 of the gene
and this region is able to mediate the response to Dpp
(Ku¨hnlein et al., 1997). Similar to the case of the tracheae,
restricted expression of sal/salr is necessary during vein
patterning because ubiquitous overexpression of either sal
or salr results in suppression of wing pattern elements in
regions where the genes are not normally expressed (de
Celis et al., 1996). This repression depends on Brinker, a
putative transcription factor that forms a gradient comple-
mentary to the one formed by Dpp (Campbell and Tomlin-
son, 1999; Jazwinska et al., 1999; Minami et al., 1999).
As previously mentioned, sal and salr show a different
type of regulation in the thorax than in the wing pouch.
There, these genes are activated by Hedgehog (Hh) and
repressed by Wingless (Wg; de Celis et al., 1999). Further-
more, the presence of Sal in the sensory organ precursors
(from where macrochaetae later form) impairs their divi-
sion, so Sal has to be eliminated from these cells prior to
delamination. The factor responsible for this repression is
still unknown (de Celis et al., 1999). Finally, sal expression
is restricted in the rings of the mesothoracic leg imaginal
discs as a result of repression by Antennapedia (Antp),
which probably interacts with cis-regulatory regions up-
stream of sal (Wagner-Bernholz et al., 1991). Antennapedia
plays a pivotal role in determining the developmental
differences between leg and antenna discs, and sal could
transmit some of this information concerning identity.
Another homeotic gene, Ultrabithorax (Ubx), is respon-
sible for salr transcriptional repression in the haltere disc
pouch, where Ubx confers haltere as opposed to wing
identity (Weatherbee et al., 1998).
Taking into consideration the complexity of the sal and
salr transcription patterns and the information available
about the regulation of these genes, we assume that the
expression of sal and salr during imaginal and embryonic
development is highly regulated and presumably relies on
multiple regulatory signals. These regulatory regions might
integrate information from a variety of activators and
repressors in different developmental contexts. We could
also expect duplication of the distinct enhancers, although
Copyright © 1999 by Academic Press. All rightit is also possible that some of the regulatory regions are not
duplicated but act on both genes simultaneously.
Here we describe the isolation and characterization of
mutations that affect the sal complex. The new alleles
allow us to understand better the functional relationship
between the two genes and to delimit the extent of their
regulatory regions. We also present a transgenic analysis of
the cis-regulatory modules that direct the expression of sal
and salr in different tissues during embryonic and larval
development. We show that some of the cis-regulatory
regions are distributed in 50-kb of DNA 39 of both transcrip-
tion units. The regulatory structure of sal and salr shows
several similarities with those of other Drosophila gene
complexes, such as the achaete-scute complex (Ruiz-
Go´mez and Modolell, 1987; Go´mez-Skarmeta et al., 1995),
in that expression of adjacent transcription units is regu-
lated by discrete and, in some cases, possibly shared cis-
regulatory elements.
MATERIALS AND METHODS
Drosophila melanogaster Strains
Flies were raised on standard Drosophila medium at 25°C.
Mutations not described in the text and balancer chromosomes can
be found in Lindsley and Zimm (1992). All new aberrations and
mutations (Fig. 1) recovered in this work are described in Table 1.
They were induced as ry2 revertants that lost the P[ry1]03602
nsertion or by X-ray mutagenesis on a dp bw isogenic strain. The
[ry1] semilethal insertion l(2)03602 strain was obtained from the
Spradling collection. The insertion site was mapped molecularly at
the F5.3 phage (Fig. 2; Frei et al., 1988). It resides at 33A1,
approximately 70-kb proximal and 39 of the salr locus and 10-kb
proximal but 59 of sal (Fig. 2).
Mutagenesis Screens
Small deficiencies. Deficiencies in 32F were induced by impre-
cise excision of the P[ry1]03602 element in a ry506 background. We
took advantage of the hypomorphy of the P[ry1] insert, which has
greatly reduced viability and delayed eclosion in combination with
large deficiencies (6% viability over Df(2L)Prl and 24% over
Df(2L)escP3-0 relative to heterozygous siblings). Accordingly,
P[ry1]03602 cn1/CyO; ry506 females were mass crossed with Sp/
yO; ry506 D2-3(99B) Dr/TM6 Ubx67g males. The resulting males
P[ry1]03602 cn1/CyO; ry506/ry506 D2-3(99B) Dr were crossed with
SM1/cn1; ry506/ry506 females, and individual rosy Curly males, ry
Cy females, and ry Cy1 males were crossed to P[ry1]03602 cn1/
CyO flies of the opposite sex. The resulting progeny were scored on
day 11 for absence of the ry/P[ry1]03602 homozygous class. Of
3135 fertile crosses 25 candidate lines were identified and stocks
were established of each ry cn chromosome. Cytological and
molecular analysis was carried out for only three of these lines
which were confirmed as useful (Table 1).
Screen for new salr alleles. Isogenic dp bw males were irradi-
ated (5000 rads of X rays) and individual second chromosomes were
recovered over CyO. In a second generation individual male and
female progeny were tested for noncomplementation over
Df(2L)32FP-5, a small deficiency that removes both salr and the
s of reproduction in any form reserved.
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35Structure and Regulation of Drosophila spalt Complexadjacent sal gene (Table 1; Fig. 2). Of 4681 individual crosses 5
ethals were identified (Table 1).
Molecular Characterization of the Mutants
Salivary gland polytene chromosomes from third-instar larvae
were prepared both for cytological analysis and for in situ hybrid-
ization according to standard protocols (Ashburner, 1989). In situ
ybridization was carried out with biotin-labeled probes prepared
ith the BioNick Labelling System (GIBCO BRL). Hybridization
teps were performed with the In Situ Hybridization and Detection
ystem from GIBCO BRL following the manufacturer’s instruc-
ions. For the Southern blot analysis, standard molecular tech-
iques were followed (Sambrook et al., 1989). Genomic DNA was
isolated from wild-type flies and from the different mutant strains
according to Ashburner (1989). The DNA was digested with EcoRI,
run in an agarose gel, and blotted in Hybond-N nylon membranes
(Amersham). Hybridization was performed according to the manu-
facturer’s instructions. Phages originating from a chromosome
walk of the region (Frei et al., 1988) were digested with EcoRI and
the individual fragments generated were isolated from an agarose
gel (QIAquick; Qiagen), radioactively labeled with 32PdC (Amer-
sham), and used as probes.
Cloning and Identification of Regulatory Regions
Individual EcoRI fragments from digestion of the phages located
between the breakpoints of FCK-25 and FCK-68 mutations (except
for the fragments covering the salr coding region, G3.1, described
by Frei et al., 1988; Fig. 2) were subcloned into the same restriction
site of the enhancer tester C4PLZ vector (Wharton and Crews,
1993). These fragments were placed in front of a weak P-element
promoter and of the nuclear b-galactosidase coding DNA. The
vector contained the mini-white gene as an eye color maker. The
constructs generated were introduced into the germ line by
P-element transformation as described (Rubin and Spradling, 1982).
The b-gal expression was detected by immunostaining of embry-
onic and third-instar larval tissues. For each construct at least three
independent insertions were analyzed.
Generation of Antisera
Two fragments of sal cDNA (from amino acid 403 to 515 and
from 803 to 936; Ku¨hnlein et al., 1994) subcloned in frame into the
pRSET C vector (Invitrogen; these subclones were kindly provided
by Dr. R. Shuh) were expressed in BL21 cells. The resulting
truncated Sal proteins were purified according to the manufac-
turer’s instructions and injected together into rats and rabbits
following standard protocols (Harlow and Lane, 1988). Specificity
and titer of the antibodies were tested by blot analysis and
immunostaining of embryonic and larval tissues. Generation of
polyclonal anti-Salr serum has been described elsewhere (Barrio et
al., 1996). The latter antibody is no longer available.
Immunocytochemistry
Embryos and imaginal discs homozygous for individual P[lacZ]
insertions were stained with anti-b-gal antibody following standard
rocedures. Rabbit anti-b-gal (Cappell) was used at a final 1/5000
ilution in PBT–BSA (PBS, 0.5% Triton X-100, 1% BSA). For double
taining, rabbit anti-b-gal (1/1000) and rat anti-Sal (1/500) antibod-
es were used. Secondary antibodies (Jackson Immunological Lab-
a
m
Copyright © 1999 by Academic Press. All rightratories) were used at a final 1/200 dilution. Samples were viewed
ith a Zeiss Axiophot for HRP staining or a Leika TCS confocal
icroscope for double staining with secondary fluorescent antibod-
es.
RESULTS
Isolation and Characterization of Novel Mutations
in the sal Complex Locus
Twenty-five deficiencies were induced by imprecise ex-
cision of the P[ry1] insertion P[ry1]l(2)03602, at chromo-
somal location 33A1. These deficiencies were cytologically
characterized by in situ hybridization using as probes the
cDNA clone 0.9 originally isolated for salr (Barrio et al.,
1996) and the phage G3.1 (Frei et al., 1988). Three of them,
Df(2L)32FP-1, Df(2L)32FP-5, and Df(2L)32FP-8 (Table 1),
ad in common a breakpoint at 33A, but whereas
f(2L)32FP-1 and Df(2L)32FP-8 deleted chromosomal ma-
erial distal to 32F1-3, Df(2L)32FP-5 did not extend so far
istally; it deleted only partially the material of the 32F1-3
riplet, including both salr and sal (see below). The
f(2L)32FP-5 deletion was used to isolate novel X-ray-
nduced mutations in the region in a conventional F2
creening. In this way, we isolated five mutations that
ailed to complement with Df(2L)32FP-5; four of them are
ssociated with chromosomal aberrations in 32F1-3, and
ne is cytologically normal (Table 1). None of these muta-
ions show abnormal phenotypes in heterozygotes.
We used three different tests to classify these mutations:
1) complementation inter se; (2) complementation with
sal16, a null allele of sal (Ku¨hnlein et al., 1994); and (3)
omplementation with the tester deficiency Df(2L)32FP-5.
ll seven mutations were embryonic lethal when homozy-
ous. Most of the heterozygous combinations resulted in
upal lethality and, therefore, the phenotypes were exam-
ned in pharate adults dissected from the pupal cases (Fig.
). These data are presented in Table 2 and suggest that the
ve FCK mutations can be grouped into three classes.
CK-20, FCK-25, and FCK-73, as well as Df(2L)32FP-5,
how very similar phenotypes in combination with each
ther. These phenotypes include the absence of the anterior
otopleural macrochaeta (ANP), the appearance of several
xtra chaetae at the base of all legs, and the disappearance of
he chaetae of the humerus (Fig. 1; Table 2). Heterozygotes
f FCK-20, FCK-25, and FCK-73 with sal16 also show
phenotypes very similar to each other, but weaker than
those described above. The ANP chaeta is only rarely
affected in FCK-25/sal16 and not affected at all in the
combinations involving FCK-20 or FCK-73 with sal16. Simi-
arly, the humerus is affected in only a fraction of the flies,
nd the number of extra chaetae in the legs is reduced
Table 2). In contrast, the Df(2L)32FP-5 heteroallelic com-
ination with sal16 shows a strong embryonic lethal pheno-
ype. Thus, the simplest interpretation is that Df(2L)32FP-5
ffects sal plus an additional genetic unit, which is also
utated in FCK-20, FCK-25, and FCK-73. FCK-68 forms a
s of reproduction in any form reserved.
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36 Barrio et al.group of its own, because its phenotypes in combination
with FCK-20, FCK-73, Df(2L)32FP-5, and the sal16 null
allele are all very weak (Table 2); however, the FCK-68/
FCK-25 heteroallelic combination is larval lethal. Finally,
FCK-70 differs from the other FCKs in that its heterozy-
gotes with other FCK mutations show very mild pheno-
types, whereas its combinations over Df(2L)32FP-5 or over
sal16 are predominantly larval lethal, with very few larvae
upating and developing into pharate adults. The larvae
CK-70/Df(2L)32FP-5 and FCK-70/sal16 characteristically
show incorrect differentiation of the posterior spiracles,
which do not protrude from the larval body as they do in
wild-type larvae (not shown). The few pharate adults of
these two combinations have very weak phenotypes in the
humerus and legs. As with FCK-68, the phenotypes of
FCK-70 over the first group of FCK mutants (FCK-20,
FCK-25, FCK-73) are very weak (Table 2).
Molecular Mapping of Novel sal and salr Alleles
The novel FCK alleles and the Df(2L)32FP-5 were mo-
ecularly characterized using a combination of in situ
ybridization to salivary gland chromosomes and Southern
lot analysis. The results are presented in Fig. 2, which also
hows the position of the sal and salr coding regions on the
enomic map. Df(2L)3FP-5 extends from the original P[ry1]
insertion site (59 of the sal coding region) to a 3.58-kb EcoRI
fragment of G3.1 and therefore deletes both the sal and the
salr coding regions; evidently it is a null allele for both of
these genes. There is a good correlation between the genetic
behavior of the different FCK alleles and the localization of
their associated molecular lesions on the genomic map.
TABLE 1
Origin and Characteristics of Novel Mutations in the sal/salr Com
Allele Origin Cytolo
32FP-5 P[ry1]lacZ
I(2)03602
Df(2L)32F1-3;33A1-
32FP-1 P[ry1]lacZ
I(2)03602
Df(2L)32F1-3;33A1-
32FP-8 P[ry1]lacZ
I(2)03602
Df(2L)32F1-3;33A1-
FCK-20 X ray
dp bw
Df(2L)32D1;32F1-3
FCK-25 X ray
dp bw
T(2;3;4)32F1-3;80 1
FCK-73 X ray
dp bw
In(2L)32F1-3;33B3
FCK-68 X ray
dp bw
T(2;3)32F1-3;85F3 1
FCK-70 X ray
dp bw
Normal at 32F
a Only breakpoints affecting the sal/salr region were mapped preThus, the alleles FCK-20, FCK-25, and FCK-73 map in a
5-kb interval 59 of the salr coding region. In contrast, the
Copyright © 1999 by Academic Press. All rightweaker allele FCK-68 maps between the coding regions of
sal and salr. We were unable to find major molecular
lesions associated with the cytologically normal allele
FCK-70. However, the weakness of the FCK-70 phenotype
in combination with alleles that map close to salr, the
failure of FCK-70 to complement other sal null alleles, and
the characteristic phenotype of the posterior spiracles in the
combinations FCK-70/sal16 and FCK-70/Df(2L)32FP-5 sug-
est that FCK-70 is a hypomorphic allele of sal.
Effects of the Mutations on sal and salr Expression
It is surprising that breakpoints as distant as 90-kb from
sal (FCKs-20, -25, and -73) fail to complement with the sal16
point allele and result in stronger phenotypes in this het-
eroallelic combination than does another breakpoint more
proximal to sal (FCK-68). To distinguish between effects of
the different FCKs on sal and salr we examined the expres-
sion of both genes in imaginal discs in two genetic combi-
nations: FCK-25/Df(2L)32FP-5 and FCK-68/Df(2L)32FP-5
(Fig. 3). Because Df(2L)32FP-5 removes both sal and salr, in
these combinations all sal and salr mRNA and protein
originate from the respective FCK chromosome. We fo-
cused this analysis on the imaginal discs of the larva, where
sal and salr are expressed in identical patterns, including a
broad ring of expression in the primordium of the second
segment of the antenna disc, the photoreceptors R3 and R4
and the cone cells in the eye disc, the ring gland, several
domains in the thorax and pleura of the wing and haltere
disc, and a broad stripe in the wing blade (Fig. 3A). We also
monitored expression in the larval brain, where the genes
are expressed in extensively overlapping subsets of neuro-
Molecular localizationa
3.58-kb EcoRI of G3.1 (distal)
4-kb EcoRI of F5.3 (proximal)
Not determined
Not determined
5.86-kb EcoRI of G5.2
-3;41E 3.9-kb EcoRI of G5.2
Between 5.86 and 3.9-kb EcoRI of G5.2
1-3;81F 5.32-kb EcoRI of F1.1
Not determined
y.plex
gy
2
2
2
32F1
32Fnal cells (see below).
The effects of these two translocations, FCK-25 and
s of reproduction in any form reserved.
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37Structure and Regulation of Drosophila spalt ComplexFCK-68, on the expression of sal and salr are very different.
In the case of FCK-25 a general reduction in the level of
expression is seen for both Sal and Salr, but the pattern of
expression is unchanged in all tissues examined, with the
exception of the total loss of antenna expression of sal and
salr (Figs. 3B and 3C). In contrast, FCK-68 has different
effects on the two genes. Whereas the pattern of expression
of salr is normal (Fig. 3D), the expression of Sal is elimi-
nated in multiple domains, such as the thoracic and pleural
region of both the wing and the haltere discs, the antenna,
the photoreceptors, and a fraction of cone cells in the eye
disc; only the stripe of Sal in the wing blade is normal (Fig.
3E). The qualitative preservation of the expression patterns
of both genes in FCK-25 and the contrasting effects of
FCK-68 on the expression patterns of the two genes indicate
that most of the regulatory regions necessary to direct
expression of salr in imaginal discs are included in the
50-kb of genomic DNA between the FCK-25 and the
FCK-68 breakpoints. In addition, most regulatory regions
needed for normal sal expression are also included in this
nterval with the exception of those required in the wing
lade (Fig. 3E) and CNS (not shown). These results are in
FIG. 1. Phenotypic effect of loss and ectopic expression of
FCK-25/Df(2L)32FP-5 showing differentiation of ectopic bristles i
bristles in the first leg by Df(2L)32FP-5 homozygous cells (arrow)
notopleural macrochaetae (ANP) in the mutant combination FCK-
encircled. Other macrochaetae, not affected in this mutant com
notopleural; PS, presutural. (D) Malformation and shortening of thoncordance with previously reported localization of en-
ancers responsible for sal expression in the wing blade and
Copyright © 1999 by Academic Press. All rightCNS, proximal to the FCK-68 breakpoint (Ku¨hnlein et al.,
1997). The effects of FCK-68 also suggest that the structure
of the regulatory regions of sal and salr is modular, with
ndependent enhancers driving expression in specific cell
ypes (as in the eye disc) or territories (as in the wing and
altere discs). In order to identify these putative regulatory
egions of sal and salr, we concentrated in the interval
etween FCK-25 and FCK-68, which contains most se-
uences required for normal salr expression.
Analysis of Regulatory Regions
The interval between the breakpoints for FCK-25 and
FCK-68, corresponding to coordinates 2520 and 2460 (60
b), was subjected to transgenic analysis for the presence of
nhancers, except the areas covered by the phage G3.1 that
orrespond to the salr coding region (Fig. 4). EcoRI frag-
ents from the digestion of phages G4.1, G2.7, G2, 2H1-
.2.2, and F1.1 (Fig. 4; Frei et al., 1988) were subcloned in
he vector C4PLZ in front of a weak P-element promoter
irecting the expression of the lacZ gene. The fragment
sizes varied from 0.3 to 10.1-kb (Fig. 4). After transforma-
nd salr in the legs. (A) Ventral view of a pharate adult of
e proximal part of the legs (arrow). (B) Differentiation of ectopic
opic bristles are labeled with forked. (C) Absence of the anterior
f(2L)32FP-5. The area where this macrochaeta normally appears is
tion, are also indicated. ASA, anterior supralar; PNP, posterior
s caused by ectopic expression of sal in Gal4-dpp/UAS-sal flies.sal a
n th
. Ect
25/Dtion into flies, we established several independent inser-
tions for each construct (from 3 to 12) and analyzed the
s of reproduction in any form reserved.
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38 Barrio et al.expression of b-galactosidase in both embryos and imaginal
iscs in at least three lines per construct. Consistent
atterns of expression were observed in the replicate lines,
evealing construct-specific expression, both normal (simi-
ar to that of endogenous Sal or Salr) and ectopic (Tables 3
nd 4).
sal/salr Enhancer Expression in the Embryo
The expression patterns of sal and salr during embryonic
evelopment are very similar in the tracheae, epidermis,
nd oenocytes (Ku¨hnlein et al., 1994; Barrio et al., 1996).
owever, the genes differ in other aspects of their expres-
ion pattern. For instance, they are present in partially
verlapping subsets of neurons in the CNS and only sal is
xpressed in the cellular blastoderm. We were able to
dentify discrete regulatory regions which, when fused to
he lacZ gene, drive b-galactosidase expression in most of
he tissues in which salr is expressed. Thus, the construct
ZA, 59 of salr, directs expression specifically in the tra-
heae (Fig. 5). Similarly, a region identified previously by
u¨hnlein et al. (1997) located 59 of sal (Fig. 7) directs sal
xpression in this organ. The construct BO directs expres-
ion to all the oenocyte cells where sal and salr are
TABLE 2
Complementation Analysis of Mutations in the sal Complexa
Df(2L)FCK-20 T(2;3)FCK-25 In
Df(2L)FCK-20 ANP 100 (20)
Hu EL 100
Leg 3.6
T(2;3)FCK-25 ANP 100 (20)
Hu 100 EL
Leg 3.6
n(2L)FCK-73 ANP 100 (12) 100 (12)
Hu 100 100
Leg 4.5 3.9
(2;3)FCK-68 ANP 0 (16)
Hu 0 LL
Leg 1
CK-70 ANP 0 (12) 0 (56)
Hu 50 38
Leg 1 0.6
al16 ANP 0 (24) 14 (16)
Hu 50 37
Leg 2 1.4
Df(2L)32FP-5 ANP 100 (16) 100 (26)
Hu 100 100
Leg 2.9 3.7
a At a given site of the body, higher numbers indicate strong
acrochaetae; EL, embryonic lethality; Hu, percentage absence of
rst leg; LL, larval lethality. Number of scored flies for each mutan
re pupal lethal.ormally expressed, while another construct, BI, directs
xpression only in a subset of these cells. Some constructs
Copyright © 1999 by Academic Press. All rightuch as AZA, EME, and BI, show b-gal expression in the
PNS, in subsets of cells where we have found endogenous
Sal expression (Fig. 5; T. E. Rusten, unpublished results).
Other constructs show marker expression in the epidermis
(Table 3), partially overlapping with the endogenous expres-
sion of sal: ZO and EME in certain regions and BE, SE, and
LA in stripes of cells.
The regulation in the CNS appears to be more complex.
Thus, several constructs (ZA, AK, and BAT) show both
endogenous and ectopic expression in specific cells in the
CNS; others (AZO, AM, EME, LA, and BI) show expression
only in cells where sal and salr are normally not expressed
Fig. 5; Table 3). This “ectopic” expression is consistent
mong different insertions of the same construct, suggest-
ng that it is not dependent on the insertion site. It is
ossible that consistent but ectopic expression is a conse-
uence of the separation between putative transcriptional
ctivator and repressor elements, a combination of which
ould be needed to restrict the expression of sal and salr to
heir normal domains.
sal/salr Enhancer Expression in Larval Stages
In the same 50-kb interval we also identified discrete
CK-73 T(2;3)FCK-68 FCK-70 sal16 Df(2L)32FP-5
(12) 0 (16) 0 (12) 0 (24) 100 (16)
0 50 50 100
5 1 1 2 2.9
(12) 0 (56) 14 (16) 100 (26)
LL 38 37 100
9 0.6 1.4 3.7
0 (18) 0 (8) 0 (14) 100 (24)
50 70 35 100
1.6 0.3 1.5 3.5
(18) 0 (10) 0 (10) 0 (8)
EL 0 0 25
6 0 0.3 0.5
(8) 0 (10)
0 EL LL LL
3 0
(14) 0 (10)
0 LL EL EL
5 0.3
(24) 0 (8)
25 LL EL EL
5 0.5
enotypes. ANP, percentage absence of the anterior notopleural
umeral chaetae; Leg, number of ectopic chaetae in the base of the
mbination are in parentheses. Combinations not marked EL or LL(2L)F
100
100
4.
100
100
3.
EL
0
50
1.
0
70
0.
0
35
1.
100
100
3.
er ph
the hregions that direct expression in imaginal discs and in the
larval CNS. In the eye disc, expression in photoreceptors
s of reproduction in any form reserved.
39Structure and Regulation of Drosophila spalt ComplexFIG. 2. Molecular characterization of new mutant alleles in the sal/salr complex. (A) Location of salr and sal at 32F–33A, indicating the
direction of transcription (horizontal arrows). The distance between the two genes is shown in kilobases. White boxes symbolize
untranslated regions, black boxes ORFs. V-shaped lines represent introns. The EcoRI sites that map in the genomic DNA (horizontal thick
line) are depicted as small vertical lines. Below the DNA line, the phages from the chromosomal walk covering the region are drawn (Frei
et al., 1988). The EcoRI fragments in which the breakpoints of the different mutations occur are indicated by vertical arrows and named
from a to e (a, 5.86-kb EcoRI fragment from phage G5.2; b, 3.9-kb EcoRI fragment from phage G5.2; c, 5.32-kb EcoRI fragment from phage
F1.1; d, 3.58-kb EcoRI fragment from phage G3.1; e, 4-kb EcoRI fragment from phage F5.3). These fragments were used as probes for
hybridization of the Southern blots shown below. The original P-element insertion is represented by an inverted triangle. (B)
Autoradiograms of the Southern blot analysis carried out for each FCK mutant allele and Df(2L)32FP-5. Shown is the hybridization using
as probes the genomic DNA fragments that reveal the presence of the breakpoints, which correspond to the ones mentioned in A. C
indicates control DNA from WT flies blotted in parallel with the DNA of the different mutant strains. Hybridization with fragments that
do not show differences between DNA from mutant and WT flies is not shown.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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40 Barrio et al.and cone cells is observed in the constructs BO and LA
(Table 4; Fig. 6), indicating that the corresponding regula-
tory region is in the common interval between these two
constructs. The expression of Sal and Salr is highest in the
early photoreceptors, just anterior to the morphogenetic
furrow, and declines thereafter as expression in the cone
cells appears. It is not known whether this downregulation
in photoreceptors is at the level of transcription or is
posttranscriptional, but it is not reproduced by the b-gal
levels, which remain high. Another small region, located in
the first large intron of salr (AM), seems to direct expression
in the cone cells. It is possible that these regions are
redundant or that one affects salr while the others direct sal
xpression. The location of sal regulatory regions for the
ye distal to the FCK-68 breakpoint is consistent with the
imited expression pattern of the gene in this mutant
ackground (Fig. 3E).
In some constructs (LA, SE, ABO, ABI, and AL) b-gal
xpression is detected in specific domains of the wing and
altere imaginal discs (Fig. 6; de Celis et al., 1999). Inter-
stingly, the constructs that direct expression in the wing
FIG. 3. Expression of sal and salr in wing and eye imaginal discs
ye–antenna disc below) immunostained with anti-Sal antibodies.
he central stripe of the wing pouch and also thorax, hinge, and ple
4) and cone cells are stained. Strong expression in the antenna disc
enotype stained with anti-Salr (B) or anti-Sal (C) antibodies. Note th
n the antenna), although a general reduction in the intensity of
FCK-68/Df(2l)32FP-5 wing and eye discs. No major differences are
and pleura of the wing disc, remaining unaltered only in the wing
although the protein is still present in the cone cells.isc present the same pattern of expression in the haltere,
hich correlates with the fact that both types of disc follow
r
l
Copyright © 1999 by Academic Press. All righthe same developmental program. In the case of the con-
tructs that are expressed in the wing blade we also find
xpression in the corresponding region (pouch) of the hal-
ere disc (e.g., Fig. 6, LA). Because sal and salr are normally
ot expressed in the haltere pouch, it is possible that this
ctopic expression is a consequence of the lack of specific
epressor sites that normally prevent expression in the
altere; a good candidate to mediate this repression is Ubx
Weatherbee et al., 1998). Similarly, ectopic expression is
etected in several rings of the leg discs (where sal and salr
re not expressed) in many different constructs (Table 4).
he intensity and width of the rings is variable among
onstructs (not shown). It is known that sal expression in
he leg discs is repressed by Antp (Wagner-Bernholz et al.,
991). Conversely, ectopic expression of Antp in the an-
enna disc represses the normal expression of sal, trans-
orming the antenna disc toward a second leg disc. Thus, it
s likely that the putative repressor binding sites for Antp
nd possibly other factors are missing from our constructs
nd that activators of sal expression are present in the leg
isc and are manifested in the absence of Antp or other
ant for salr alleles. (A) Wild-type imaginal discs (wing on top and
pattern is the same for Salr (not shown). Staining is prominent in
n the wing disc. In the eye disc, subsets of photoreceptors (R3 and
lso apparent. (B and C) Wing and eye discs of FCK-25/Df(2L)32FP-5
e pattern of expression for both proteins remains unaltered (except
taining is observed. (D and E) Expression of salr (D) or sal (E) in
rved in salr pattern. However, Sal is missing in the thorax, hinge,
h. In the eye disc, Sal expression is absent in the photoreceptors,mut
The
ura i
is a
at th
the s
obseepressor binding sites. The ectopic expression of sal in the
eg discs has deleterious effects on leg development, as it
s of reproduction in any form reserved.
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41Structure and Regulation of Drosophila spalt Complexshortens the adult appendages, but it does not produce
transformation of leg to antenna (Fig. 1D).
In the larval CNS only a few constructs (ZO, EME, and
BAT) are expressed in the same cells that express sal and
alr endogenously; additionally, these constructs also result
n ectopic expression in different regions of the CNS (Table
). Finally, some lines (AS, BE, AL, ABO, and IRU) direct
xpression in different parts of the ring gland (Fig. 6), like
he corpus cardiacum (AS, ectopic with respect to sal), the
cdysteroid-producing cells (prothoracic gland; ZA, AL, and
RU; endogenous with respect to sal), or the corpus allatum
ABO, ectopic with respect to sal).
DISCUSSION
Mutational Analysis of the Genes of the sal/salr
Complex
In recent years spalt (sal), a putative transcription factor-
coding gene, has been the object of extensive studies during
developmental processes. Its role in blastoderm, tracheae,
and wing development has been defined (de Celis et al.,
996; Ku¨hnlein and Schuh, 1996; Sturtevant et al., 1997), as
ell as its regulation in these processes (Ku¨hnlein et al.,
997; Chen et al., 1998; de Celis et al., 1999; Lecuit et al.,
FIG. 4. Molecular map of the different b-gal constructs analyzed
ranscription units, the breakpoints of the translocations FCK-25
dentity of each construct is listed, the number after the comma be
hage 2H1-3.2.2.1996; Nellen et al., 1996; Campbell and Tomlinson, 1999;
Jazwinska et al., 1999; Minami et al., 1999). However, the
Copyright © 1999 by Academic Press. All rightfunctional relation of sal and its paralogue salr (Reuter et
al., 1996; Barrio et al., 1996) is largely unexplored. The Sal
and Salr proteins are very similar in organization and have
a highly conserved set of zinc fingers that can bind DNA in
a sequence-specific manner (Barrio et al., 1996). Their
similarity strongly indicates that the two genes originated
from a common ancestor via gene duplication (Reuter et al.,
1996). Several observations suggest that sal and salr have a
high degree of functional overlap. The phenotypes resulting
after ectopic expression of sal or salr in the wing and thorax
(de Celis et al., 1996, 1999) are similar, indicating that both
proteins can act through the same target genes. Further
functional comparison between the two factors required the
generation of salr mutants. Here we report the identifica-
tion and characterization of new mutations affecting the
sal/salr gene complex. One of these mutations is a small
deletion, Df(2L)32FP-5, that deletes both salr and sal. The
others are chromosomal breakpoints (with the exception of
FCK-70) that map in extragenic regions located 59 of the salr
transcription unit (FCK-25, FCK-20, and FCK-73) or in the
genomic interval 39 of both salr and sal (FCK-68). While
FCK-70 appears to be a hypomorphic sal allele, genetic and
molecular data indicate that the other alleles of the FCK
series affect both salr and sal, to variable degrees.
The analysis of breakpoints affecting sequences located 59
EcoRI fragments fused to the reporter gene lacZ in relation to the
FCK-68, and the chromosome walk. Symbols are as in Fig. 2. (B)
he length in kb of the corresponding EcoRI fragment. 2H1 refers to. (A)
andof the salr gene uncovered several new requirements for sal
and salr. First, it appears that both genes are required for the
s of reproduction in any form reserved.
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42 Barrio et al.development of the bristles in the humerus, a structure
derived from the prothoracic disc. We have not monitored
the expression of sal and salr in this disc, but the observed
phenotypes suggest that both genes are expressed there and
are required at least for the normal development of bristles.
Similarly, these genes are required for thoracic bristle
development; clonal analysis has established that sal and
salr are needed at a specific stage for the formation of a
subset of macrochaetae (de Celis et al., 1999). A third,
unexpected sal/salr mutant phenotype is the formation of
ectopic bristles in the base of all three legs. This phenotype
occurs with characteristic frequencies in mosaics of
Df(2L)32FP-5 mutant tissue, in most heteroallelic combi-
nations of our new alleles, and also in milder form in
combinations of these alleles with a sal null mutant iso-
lated independently. Therefore, it appears that the forma-
tion of ectopic bristles is caused by reduction of both sal
and salr expression, leading us to postulate that these genes
are expressed in some critical regions of the leg disc and
that they are required to suppress ectopic bristle develop-
ment in the proximal leg. It has been assumed that sal is not
expressed in leg discs because of its repression by Antp
(Wagner-Bernholz et al., 1991). Indeed, we have failed to
detect Sal or Salr expression in most of the leg rings at
various developmental stages. However, anti-Sal antibodies
revealed the presence of the protein in isolated cells scat-
TABLE 3
Summary of Enhancer-Specific b-Gal Expression Patterns in Embr
Construct n CNS PNS
AZA 3 2 1
AZO 3 1 Ec 2
AS 6 2 2
BE 5 2 6
ZO 3 2 2
AM 3 1 Ec 2
EME 3 1 Ec 1
AI 3 2 2
AL 5 2 2
ZA 3 1 En/Ec 2
ABO 3 2 2
ABI 3 2 2
SE 3 2 2
BO 3 2 2
LA 3 1 Ec 2
IRU 5 2 2
BI 4 1 Ec 1
AK 5 1 En/Ec 2
BAT 6 1 En/Ec 2
a Only late stage embryos were analyzed. 1, expression of b-gal;
2, no expression of b-gal; CNS, central nervous system; Ec, ectopic
Sal; Epi, epidermis; Hind, hindgut; Mid, midgut; n, number of i
peripheral nervous system; RG, ring gland; Tra, trachea.tered around the proximal region of the leg discs (data not
shown). The relation between Sal expression pattern in the
Copyright © 1999 by Academic Press. All rightleg disc and the phenotype observed in the mutants is not
obvious. Finally, despite the mild morphological pheno-
types of reductions of sal and salr, we find that most
heteroallelic combinations result in pupal lethality. We do
not know what causes this phenotype. However, both genes
are expressed at high levels in many cells of the larval CNS
and in the ring gland, and it is plausible that pupal lethality
might be related to effects on these structures. Alterna-
tively, lethality could be due to failure in tracheal develop-
ment. The complex pattern of expression of sal and salr in
the larval brain has precluded analysis of the effects of the
new breakpoints on the expression of these genes there.
All phenotypes observed in combinations of the novel
salr alleles are also observed in clones of Df(2L)32FP-5 (a
deficiency that removes both sal and salr), indicating that
they all are loss-of-function alleles. These FCK alleles also
fail to complement a point null allele of sal, resulting in
pupal lethality, but in this case the visible phenotypes of
the pharate adults are very weak, indicating that the pres-
ence of a functional copy of salr is sufficient to promote
essentially normal development in the humeral and leg
discs. It is possible that in these combinations pupal lethal-
ity is due to reduced sal expression in subsets of cells in the
larval brain, where the overlap between Sal and Salr expres-
sion is not complete. Alternatively, these proteins might
have different functions in certain cells where they are
Tra Epi Gut Other
1 2 2 1
2 2 2 2
6 6 1 Hind 2
2 1 2 1
2 1 2 2
2 2 2 1
2 1 2 2
2 2 2 2
2 2 1 Mid 1
2 2 2 1
2 2 2 1 General
2 2 2 1 General
2 1 2 2
2 2 2 2
2 1 2 1
2 2 2 1
2 2 2 1
2 2 2 1
2 2 2 1
consistency among independent insertions of the same construct;
ression in relation to Sal; En, endogenous expression in relation to
endent insertions analyzed per construct; Oen, oenocytes; PNS,yosa
Oen
2
2
2
2
2
2
2
2
2
2
2
2
2
1
2
2
1
2
2
6, in
expcoexpressed. Such is the case in the wing, where the lack of
sal in clones of cells cannot be totally compensated by the
s of reproduction in any form reserved.
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43Structure and Regulation of Drosophila spalt Complexpresence of wild-type levels of salr (de Celis et al., 1996,
999).
A sal/salr Regulatory Region Consisting
of Modular Enhancers
Among the new alleles, the two translocations, FCK-25
and FCK-68, are particularly informative about the location
f regulatory regions directing the expression of sal and salr.
he heteroallelic combination of FCK-25 and Df(2L)32FP-5
ffects the level but not the pattern of expression of salr in
imaginal discs other than the eye–antenna disc. Surpris-
ingly, this is also true for sal, a gene situated more than 60
b from the FCK-25 breakpoint. This suggests that some
eneral enhancer of both sal and salr, possibly analogous to
locus control region, may exist 59 of the salr coding region,
istal to the breakpoints. In contrast, the breakpoint
CK-68 has dramatic effects on the pattern of sal but not
alr expression in imaginal discs. This results indicate that
ost regulatory domains required for both sal and salr
xpression in imaginal discs are located between the break-
oints FCK-68 and FCK-25. The analysis of lacZ fusion
onstructs with genomic DNA confirms that this interval
s regulatory in function. Extensive transgenic analysis has
dentified modular regulatory domains not only for the
TABLE 4
Summary of Enhancer-Specific b-Gal Expression Patterns in Larva
Construct n Wingb Haltereb
AZA 4 6 6
AZO 3 2 2
AS 5 6 6
BE 4 1 En/Ec 1
ZO 3 ? 6
AM 4 1 Ec 1
EME 7 1 En/Ec 1
AI 4 2 2
AL 8 1 En/Ec 1
ZA 6 6 2
ABO 8 1 En/Ec 1
ABI 4 1 En/Ec 1
SE 6 6 6
BO 3 1 Ec 1
LA 3 1 En/Ec 1
IRU 5 1 Ec 1
BI 4 1 En/Ec 1
AK 5 1 En/Ec 1
BAT 6 2 2
a 1, expression of b-gal; 6, inconsistency among independent ins
CNS, central nervous system; Ec, ectopic expression in relation
independent insertions analyzed per construct; ND, not determine
b Imaginal discs.
c Third-instar larvae.maginal discs, but also for other embryonic and larval
tructures, in some cases down to the level of specific cell d
Copyright © 1999 by Academic Press. All rightlusters. Our analysis substantially extends and comple-
ents the identification of regulatory domains of sal lo-
ated 59 of the sal coding region (Ku¨hnlein et al., 1997) and
rovides a “low-resolution” map of specific regulatory
omains within the sal/salr gene complex (Fig. 7).
One of the questions that this type of transgenic analysis
an address is whether the regulatory modules show a
uplicated pattern. It is thought that sal and salr originated
rom duplication of an ancestral gene together with its
egulatory regions, followed by a chromosomal rearrange-
ent that separated one of the genes from some of its
egulatory modules (Reuter et al., 1996). In particular, it has
een hypothesized that the blastoderm regulatory region
as separated from the salr transcription unit and now
ffects a nearby, unrelated gene, spalt-adjacent. Some fa-
orable cases, such as the tracheal enhancer, support the
uplication and rearrangement hypothesis, because similar
egions have now been identified in the 59 area of both
ranscription units (Fig. 7). It is clear from the normal
xpression of both Sal and Salr in the FCK-68/Df(2L)32FP-5
utant background that the regulatory elements for the
ing pouch expression are duplicated on either side of the
CK-68 breakpoint, although only a module 59 of sal has
een experimentally identified until now (Ku¨hnlein et al.,
997).
gesa
Eyeb Legb CNSc RGc
2 2 1 Ec 2
2 2 2 2
6 2 1 Ec 6
1 Ec 1 6 2
2 1 1 En/Ec 6
cc 1 1 Ec ND
2 1 1 En/Ec 2
2 2 2 2
1Ec 1 1 Ec 6
2 6 6 2
2 1 6 6
2 1 2 2
2 2 2 2
ph, cc 2 1 Ec 2
ph, cc 1 1Ec ND
2 1 2 6
2 1 2 2
2 2 2 2
2 1 1 En/Ec 2
ns of the same construct; 2, no expression of b-gal; cc, cone cells;
al; En, endogenous expression in relation to Sal; n, number of
, photoreceptors; RG, ring gland.l Sta
ertio
to S
d; phFor body parts for which regulatory modules have been
iscovered only in the 60-kb domain between FCK-25 and
s of reproduction in any form reserved.
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44 Barrio et al.FIG. 5. Detection of enhancers by b-gal expression in discrete regions of the embryo. Double-immunostaining analysis using anti-b-gal
ntibodies (red, left) and anti-Sal antibodies (green, right). The overlay of both stainings is shown in the middle. The overlapping pattern
f both proteins appears in yellow. The construct AZA presents expression in the tracheae, overlapping with the Sal endogenous expression.
his construct also drives ectopic b-gal expression in some scattered epidermal cells in the embryo and in larval tissues. The Sal/Salr
xpression in oenocytes seems to be directed by more than one DNA fragment. The stronger one, BO, covers all the oenocyte cells (yellow
n the middle picture), while some other constructs direct b-gal expression only in a subset of these cells. The construct BAT directs the
expression in subsets of cells of the embryonic CNS (arrowhead). This construct also directs the expression in some embryonic regions
outside the normal domain of Sal expression (arrow) as well as in some larval tissues. Finally, fragment BI drives b-gal expression in some
ells of the pentascolopodial organ (PNS) where Sal is expressed (arrowheads). Some other cells of the PNS seem to be positive for both
roteins as well.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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45Structure and Regulation of Drosophila spalt ComplexFCK-68 breakpoints, we cannot be certain whether these
modules function bidirectionally on both sal and salr or are
duplicated (possibly even within the individual experimen-
tally determined modules, which are relatively large, 0.3 to
10-kb). It is notable that multiple modules for the same
body part, such a specific imaginal disc, for the nervous
system or for the ring gland have been discovered within
this domain (Tables 3 and 4; Fig. 7). At least in the case of
the ring gland they affect discrete subsets of cells (Fig. 6).
Similarly, the haltere and wing discs are endowed with
multiple modules, but these are apparently nonredundant,
each affecting specific regions of the disc (de Celis et al.,
1999, and data not shown). In the eye disc, only one module
FIG. 6. Detection of enhancers acting at larval stages of developm
eft) and anti-Sal antibodies (green, right). Expression in the phot
verlapping constructs, BO and LA, probably due to a common enh
ccurs with the construct AS (not shown). The haltere discs usually
rom the same transformed animals. Here we present a LA haltere
arrowhead). The construct also drives expression in the pouch, whe
xpression in the larval CNS. Often, this expression is seen outsi
arrow). This construct also drives b-gal expression in the ecdy
(arrowhead). The same is true in AL-transformant flies shown here a
rive expression in other regions of the ring gland where no Sal ex
orpus cardiacum.has been found for photoreceptors R3 and R4 (BO/LA
overlap in Fig. 7), whereas multiple modules directing the
f
t
Copyright © 1999 by Academic Press. All rightexpression to the cone cells have been discovered, both in
the FCK-25/FCK-68 domain (Table 4) and proximally be-
yond it (Fig. 3E). The data of Fig. 3 indicate that distal
modules, 59 of salr, may direct expression of both salr and
al in the antennal disc. However, these results are in
ontradiction with published evidence of an antenna en-
ancer in the 59 region of sal (Wagner-Bernholz et al., 1991).
In many instances, we find that individual constructs
ive ectopic expression, which is very consistent between
ndependent insertions of the same construct and thus not
aused by the insertion site. Fortuitous use of regulatory
NA fragments that lack binding sites for repressors but
ave sites for unknown activators is a plausible explanation
Double immunostaining analysis using anti-b-gal antibodies (red,
ptors and cone cells in the eye imaginal disc was driven by two
r present in both DNA fragments. Expression in the eye disc also
ent the same pattern of expression as the corresponding wing discs
ith b-gal expression endogenous relative to Sal/Salr in the thorax
l and Salr are absent (arrow). Some transformant lines present b-gal
e normal Sal and Salr expression domains, as in the case of IRU
id-producing cells of the ring gland, in which Sal is expressed
ngle staining with anti-b-gal antibodies. However, other constructs
sion is detected, such as ABO in the corpus allatum or AS in theent.
orece
ance
pres
disc w
re Sa
de th
stero
s a sior ectopic expression. This phenomenon is very frequent in
he leg, haltere, and wing discs and is also observed in other
s of reproduction in any form reserved.
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46 Barrio et al.tissues, such as the embryonic CNS, the epidermis, and the
larval brain. The expression of sal in the rings of the leg
discs is repressed by Antp (Wagner-Bernholz et al., 1991),
and it is likely that another homeotic gene product, Ubx,
represses expression of sal and salr in the haltere (Weath-
rbee et al., 1998). The repressive action of these homeotic
enes may be achieved through a discrete region which
nteracts with several diverse positive enhancer elements
nd therefore can be easily separated from them, leading to
ctopic expression. A complex interaction among enhancer
lements has been reported in greater detail in other sys-
ems, such as the sea urchin. There, the regulation of
ndo16, a gene functioning in endoderm development,
ntegrates the input from several enhancer modules and can
e simulated by a computational model (Arnone and Da-
idson, 1997; Yuh et al., 1998).
Taken together, our results suggest that Sal and Salr
roteins have retained similar functionality although their
enes cannot substitute for each other. The modular orga-
ization of cis-regulatory regions facilitates the diversifica-
ion of these duplicated genes, and either new or nonrestric-
ive domains of expression may be acquired by
earrangement of such regions. Homologues of sal have
een recently identified in several vertebrates including fish
Ko¨ster et al., 1997), frog (Hollemann et al., 1986), mouse
Ott and Schutz, 1996), and also human (Kohlhase et al.,
996). These vertebrate homologues are expressed in simi-
ar tissues, such as the developing nervous system and
imbs, where it has been reported that sal is a target gene of
edgehog signaling (Ko¨ster et al., 1997). In humans, muta-
ions in the gene SALL1 (HSAL1; Kohlhase et al., 1998) are
he cause of Townes–Brocks syndrome, which produces
FIG. 7. Schematic summary of the regulatory regions in the sal/s
ig. 2. The colored boxes indicate the DNA fragments that drive b
scheme shows the embryonic (E) enhancers, while the bottom part
characterized by others (Ku¨hnlein et al., 1997). The breakpoints
regulatory regions are scattered along the 70-kb analyzed and tha
analyzed direct the expression of Sal, Salr, or both genes at the samnal, renal, limb, and ear abnormalities. Even in the worm
aenorhabditis elegans, a sal homolog, sem-4, is impli-
Copyright © 1999 by Academic Press. All rightated in neuronal and mesodermal development (Basson
nd Horvitz, 1996). Thus, the members of the sal family
ppear to be conserved in both structure and broad expres-
ion patterns during evolution. It is possible that this
onservation extends to the function and the detailed
egulatory mechanisms of the genes. We expect that further
nalysis of regulatory sequences in the Drosophila sal/salr
omplex will provide leads for understanding the regulation
f the vertebrate homologs, as well as the mechanisms of
artial regulatory divergence of sal and salr in Drosophila.
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